Uranium and plutonium's 5f electrons are tenuously poised between strongly bonding with ligand spd-states and residing close to the nucleus. The unusual properties of these elements and their compounds (eg. the six different allotropes of elemental plutonium) are widely believed to depend on the related attributes of forbital occupancy and delocalization, for which a quantitative measure is lacking. By employing resonant x-ray emission spectroscopy (RXES) and x-ray absorption near-edge structure (XANES) spectroscopy and making comparisons to specific heat measurements, we demonstrate the presence of multiconfigurational f-orbital states in the actinide elements U and Pu, and in a wide range of uranium and plutonium intermetallic compounds. These results provide a robust experimental basis for a new framework for understanding the strongly-correlated behavior of actinide materials.
Mean-Field Theory (DMFT) calculations by Shim, Haule, and Kotliar (13) suggest that, while the average f-occupancy is an important quantity, the actual ground state in elemental plutonium may require a more complete description. In particular, they find that, unlike cerium and ytterbium intermetallics which are described as dominated by two valence configurations (f 0 and f 1 for Ce 4+ and Ce 3+ , f 13 and f 14 for Yb 3+ and Yb 2+ ), a description of elemental plutonium actually requires three valence configurations, f 4 , f 5 , and f 6 . Here, we present both x-ray absorption near-edge structure (XANES) and resonant x-ray emission spectroscopy (RXES) data collected at the actinide L 3 edge in a wide variety of uranium and plutonium intermetallics that not only points to the necessity of a multiconfigurational ground state for understanding of elemental plutonium, but also demonstrates the wide applicability of such multiconfigurational ground states in actinide intermetallics in general.
There are some advantages to using L 3 -edge spectroscopy for obtaining f-occupancies, especially for multiconfigurational states. At this X-ray absorption edge, a 2p 3/2 core electron is excited into, primarily, a state of d symmetry, where the number of unoccupied 6d states is only a weak function of the f-occupancy ( Fig. 1a ). If a multiconfigurational f-state exists, its otherwise-degenerate components are split by the core-hole interaction, as the different number of f-electrons in each configuration screen the core hole differently. Since the total number of unoccupied d-states is approximately fixed, the excitation amplitude into any split states is proportional to that particular configuration's electronic occupancy. By associating a given peak with a particular configuration, the relative weight to each configuration can be simply determined. For instance, in RXES results on Yb intermetallics (14, 15) , the integrated intensity I 13 and I 14 of features identified as due to the f 13 and f 14 configurations give the f-hole occupancy n f = I 13 /(I 13 +I 14 ). Similar methods have long been applied in XANES spectroscopy (16) . While these measurements give the f-occupancy and configuration fractions in the excited state, which includes the core-hole and the outgoing photoelectron, such finalstate occupancies are within several percent of those obtained using more sophisticated treatments for deep core-level excitations (17) .
In this study, the An L 3 -edge XANES data collected from -U, -Pu, and -Pu(1.9 at% Ga) along with 17 other uranium and 9 plutonium intermetallic samples delineate the correspondence between the edge position and localization of the 5f electrons. Pu L 3edge XANES data are shown for typical Pu materials from this study in Fig. 1b . Similar U data are in Supporting Information (SI). The position of the main peak, known as the -white line‖ position, is shown in Fig. 1c and 1d as a function of the shift from the whiteline position of the -phase of the actinide (i.e. -U or -Pu), E  . Large shifts in E  are observed, as are broadened white-line features for some compounds. Individual peaks are not observed, and so obtaining state configuration fractions is not possible from these data. The Sommerfeld coefficient to the linear component of the low-temperature specific heat, , is used as a measure of the degree of localization. The value of  often is the defining quantity for heavy-fermion behavior, since it is proportional the effective carrier mass; that is, it is proportional to the density of states, , at the Fermi level. In this sense, the flatter bands have a large linear specific heat, and are considered to have more localized character due to a higher f-orbital occupancy (18) . This higher occupancy could be due to f-orbital hybridization with the conduction band, as in a Kondo model, or due to direct involvement of the f-band at the Fermi level, which is uncommon in the lanthanides. In the case of samples with magnetic transitions (many of the more localized materials are antiferromagnetic in their ground state),  is determined at temperatures above any transitions to remove the effect of changes in magnetic degrees of freedom (19) . Some of these transition temperatures are as high as 30 K, and so large errors are reported due to the larger contribution of phonon vibrations to the specific heat at such temperatures. (More information regarding the specific heat, including all the values of  and transition temperatures, is available in SI.) As shown in Figs. 1c and 1d , there is a strong correlation between E  and the degree of localization of the 5f electrons, as measured by . This correspondence is explained by considering that the higher foccupancy (i.e., larger ) implies more localized f-electrons are available for screening the 2p 3/2 core hole, generating a more negative E  , as observed.
These XANES results indicate that the final-state shifts of the white line correlate well with a ground-state measurement of the density of states. While individual peaks are not observed in the white lines ( Fig. 1b ), there appears to be a correspondence between the width of the white line and the overall energy shift, consistent with two or more configurations, although possibly also indicating a broader 6d band.. Focusing on the U intermetallics, E  > 6.5 eV between the end-point samples, UCd 11 and -U. Using energy shifts between known oxidation states, for instance, between U 3+ and U 4+ oxides, a change of one electron corresponds to about 4 eV. A similar value is found between Pu oxides (20) . A 6.5 eV shift implies a change in f-occupancy of nearly 1.5 electrons. While this is possible, we point out that a ~1.5 eV shift is observed between UPd 3 , which has an f 2 configuration and is one of the few An intermetallic materials measured with a relatively well-known f-occupancy (21) , and UO 2 , which is also f 2 . We contend that such a shift is due to greater screening of the core-hole in UPd 3 due to conduction electrons (22) . Such conduction electron screening reduces the Coulombic attraction between the core hole and the photoelectron, and may also affect excitations into the lower unoccupied d-states just above the Fermi level. Although this effect will be roughly constant between metals, it makes determining f-occupancy from the measured edge shifts less reliable.
To gain quantitative information about the valence in elemental U and Pu and their compounds, U and Pu L 3 -edge RXES data (23) (24) (25) (26) were collected at the An L 1 emission line (3d 5/2 2p 3/2 corresponding to an emission energy E E of about 14.2 keV for Pu and 13.6 keV for U, see final state in Fig. 1a ). Fig. 2 shows the X-ray emission spectra (XES) and the RXES for UCd 11 and -Pu at several incident energies E I as a function of the transfer energy, E T = E I -E E . Data on PuSb 2 , UCoGa 5 , and -Pu are available in the SI. Since excitations into the continuum imply that states are always available above a threshold energy and E E has a constant distribution for these states, E T  E I for fluorescence lines. Excitations into unoccupied states with discrete energy levels, on the other hand, have a distribution with a constant E T as a function of E I . The upper panels are well below the fluorescence threshold, and show excitations that are at approximately fixed E T as E I is increased in the lower panels, although the amplitude of the three individual features varies with E I . It is important to note that excitations into states below the fluorescence threshold are not, in fact, discrete (although that is how they are referred to below) in these materials, but have a finite bandwidth, and so E T is expected to vary as much as a few eV. The bottom panels (Figs. 2b and 2d) show the fluorescence line as a dominant feature with a E T that will increase linearly as E I increases further.
These RXES data clearly show changes in lineshape due to multiple excitation features as a function of incident energy-made possible by the improved resolution of this technique (27) , which is set by the 3d 5/2 orbital (about 4 eV) rather than the 2p 3/2 (between 7 and 10 eV), and the ability to separate excitations into the continuum. To determine the individual contributions to that lineshape, we follow standard procedures set forth by Dallera et al. (14, 15) , and find a Lorentzian lineshape for both the fluorescence and the discrete excitation contributions. In general, three excitations are required to fit most of the data. Although E T varies by 1 or 2 eV with E I for the lowest-E T excitation (the f 3 U L 3 and the f 6 for Pu L 3 ), these three excitations remain well separated by about 4 eV in E T , consistent with a difference of one electron occupancy for each state. The relative weights of each configuration and the fluorescence peak are shown in Fig. 3 as a function of E I . The total configuration fractions are then obtained by integrating these results over E I (Table 1) . Absolute errors are estimated by altering the lineshape for the standard discrete excitation, and are about 10% (one such alteration is discussed in the SI). Relative errors between these measurements are about 2%. (Unfortunately, the PuSb 2 data do not allow for such a determination, since the bandwidth-related shifts in E T are too large, see SI). While these below-threshold excitations allow for a measurement of the state configuration fractions and the overall foccupancy, the RXES data also allow for the determination of the fluorescence threshold energy shifts. These shifts ( Fig. 3c and 3f) indicate differences in the total screening of the core hole and include the effect of differences in the conduction electron density.
These results have important implications for understanding the nature of the ground states for all the measured actinide materials in Fig. 1 . In particular, Pu in the and forms is best described with partially delocalized and strongly multiconfigurational forbitals, both in observed changes in the XANES and the broad features in the RXES, each as compared to data from more localized samples such as UCd 11 and PuSb 2 . Indeed, qualitative agreement is obtained with DMFT calculations (13) for the configuration f 4 , f 5 , and f 6 fractions in -Pu, which indicate about 60% f 5 configuration, compared to about (3810)% measured here (see Table caption for discussion of error estimates). In addition, DMFT predicts a difference in the total f-occupation n f =0.2 between and -Pu, whereas the RXES results give n f =0.120.02 (Table 1 ). Furthermore, within the estimated absolute errors, a multiconfigurational ground state occurs even for our most localized actinide sample, i.e., UCd 11 , raising the fundamental question of whether any true U 3+ intermetallic compound actually exists. Our results not only provide an accurate measure of the f-occupancy in plutonium for the first time, they advance a new paradigm for understanding the light actinides based upon a 5f-electron multiconfigurational ground state that goes far beyond a -dual nature‖ scenario.
Materials and Methods
Sample preparation. Metallic and -phase samples were first melted and then high temperature annealed to remove any lattice defects and He gas that accumulated while aging at room temperature. Subsequently, 2.3 mm diameter discs were punch pressed, lapped, and polished, using a succession of finer grit lapping films ending in a 1 µm surface finish and a final thickness of 70 µm. The samples were then dip-coated with liquid Kapton and cured at 150 C for 2 hours. This encasement greatly reduces the oxidation of the metallic Pu over time. The final curing at 150 C also reverts any potential damage or phase due to the mechanical polishing process. All sample preparation/processing was done in an inert atmosphere glovebox for safety and for the minimizing of the continuous oxidative nature of these materials.
Single crystals of all Pu intermetallic compounds were grown by the molten metal flux growth technique (28) , as were single crystals of UCoGa 5 , UM 2 Zn 20 (M=Fe, Co, Ru), USn 3 , UCd 11 , and U 2 Zn 17 . Polycrystalline samples of UAuCu 4 , UAu 3 Ni 2 , UCu 5 , UPt 3 , UNi 2 Al 3 , URu 2 Si 2 , UPd 2 Al 3 , and UPd 3 were synthesized by arc-melting the elements on a water-cooled Cu hearth with a Zr getter under an ultra-high pressure (UHP) Ar atmosphere. In some cases, the arc-melted samples were annealed under vacuum to improve crystallinity.
XANES. Nearly all of the X-ray data were collected in fluorescence mode on single solid pieces of material. Exceptions are XANES data from PuCoGa 5 , PuGa 3 , and PuAl 2 . Each of these samples was ground with a mortar and pestle and passed through a 30 m sieve. The resulting powder was mixed with boron nitride or, in the case of PuAl 2 only, brushed onto clear adhesive tape. XANES data from these powder samples were collected in transmission mode. The samples were loaded into a LHe-flow cryostat and data were collected with the samples near 30 K, although no changes with temperature have been observed up to room temperature. All fluorescence data in Fig. 1 were measured on BL 10-2 or 11-2 at the Stanford Synchrotron Radiation Lightsource (SSRL) over a period of 10 years, both before and after the upgrade to that facility that took place in 2003. All data were collected using a double-crystal Si(220) monochromator, half-tuned to remove unwanted harmonic energies from the X-ray beam. The fluorescence data were collected using a multi-element solid-state Ge detector and were corrected for dead time, and were also corrected for self-absorption using the program FLUO (29) . All monochromator energies were calibrated to the first inflection point of the L 3 edge absorption from either UO 2 at 17166.0 eV (30) or PuO 2 at 18062.3 eV (20) .
RXES. RXES data were collected at room temperature using the a 7-crystal Johann-type x-ray emission spectrometer (25) at the wiggler beamline 6-2 that incorporates a LN 2 cooled double-crystal Si(311) monochromator, and Rh-coated collimating and focusing mirrors. U L 1 (13.6 keV) emission was measured using Ge(777) analyzer crystals, and Pu L 1 (14.2 keV) emission was measured using Si(777) analyzer crystals. The analyzer energy was calibrated using the nearby elastic peak from the 999 reflection and the already-calibrated monochromator energy. The resolution was measured from the elastically scattered beam to be 1.4 eV and 1.7 eV, respectively, at the An L 1 emission energies.
Determination of the lineshapes follows the methods of Dallera et al. (14) . The intrinsic lifetime broadening (27) of any observed features is set by the 3d 5/2 orbital (about 4 eV), rather than the 2p 3/2 (between 7 and 10 eV). The fluorescence peak lineshape and position were determined at an E I that was well above threshold. The U L 3 edge data were fit using E L1 = 13616.1 eV (UCd 11 ) or 13617.1 eV (UCoGa 5 ), and a width  F = 5.9 eV. The Pu L 3 edge data were fit using E L1 = 1477.7 eV and a width  F = 6.5 eV. The normalized emission lineshape from the discrete excitations was obtained well below threshold for the most localized samples measured, namely UCd 11 and PuSb 2 . These data were fit with a skewed Lorentzian:
where W is the weight coefficient at fixed <E T > for a given E I and erf is the error function. The excitation width is  S = 3.3 eV and the skew parameter is =0.29 for the U edge data and  S = 4.7 eV and  = 0.30 for the Pu edge data.
Once the lineshape parameters were determined, an average <E T > was found for each of the three discrete states as a function of E I . These values were then fixed for the reported results at all E I , except for the first peak (the f 3 peak for U edge and the f 6 peak for the Pu edge data). As noted in the text, this energy shifts by 1 to 2 eV, possibly due to a broad band for this configuration. This shift is severe enough in the PuSb 2 data so as to make it impossible to fit for individual f-configurations (see SI). Also note that the width of each peak is due to the convolution of the spectrometer and the final-state lifetime. Difference cuts along E I showed the broadening by the intermediate-state lifetime and the mono.
In addition, below threshold, the fluorescence peak was held to zero amplitude to avoid correlations with the other peaks, mostly the f 4 peak for the Pu L 3 -edge RXES data. This constraint is not required if E T is not allowed to vary as a function of E I , and such fits generate configuration fractions within the stated error estimates, although the fits are of poorer quality. However, the fluorescence threshold in these fixed-E T fits is less well defined than shown in the floating-E T fit results in Fig. 3c and 3f . An important improvement to these methods will be better defining the relationship between the fluorescence peaks and the below-threshold peaks.
As a final note, an acceptable (but much lower quality) fit can be obtained to the entire RXES spectra with the full Kramers-Heisenberg (KH) formula (23, 25) using three discrete and three fluorescence peaks, giving lower estimates of n f (eg. n f =5.2 for -Pu and 5.0 for -Pu). We attribute the low quality of these fits to the bandwidth effects in determining E T (not accounted for in such fits) and the use of perturbation theory in deriving the KH formula. 
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Summary of file contents
These materials begin with the Specific heat section, which includes basic characterization details of the measured materials, focusing on the specific heat data ( Fig.  S1 and Table S1 ). The Other Supporting Text and Figures section shows some of the U L 3 XANES data in Fig. S2 , and the available RXES and XES data from all the samples not shown in the main article ( Figs. S3-S5 ). Finally, a RXES simulation generated from a model density of states is reported in Example of Potential Absolute Errors and Lineshapes, which is then fit using the skewed-Lorentzian method in the manuscript to demonstrate the method's efficacy for discerning multiconfigurational states (Figs. S6-S7).
Specific heat and other characterization
Most of the specific heat data reported in Table S1 and Fig. 1 has been previously published. An example of data collected for this work for PuSb 2 and PuIn 3 is shown in Fig. S1 , together with the measured magnetic susceptibility. The specific heat data were collected on a Quantum Design Physical Property Measurement System (PPMS) and fit using the standard form C/T =  + T 2 . Since we are interested in the Kondo contributions to C/T, we do not use data when the sample is in a magnetically ordered states, as the reduction in entropy adversely affects the relationship between charge localization (Kondo temperature) and  1 . We therefore fit data above any magnetic transitions. The fits to data from PuSb 2 and PuIn 3 (Fig. S1 ) are examples of this situation. For literature data where only the low-temperature  is reported, we refit the data as just described. Other samples where magnetic transitions occur include Pu 2 Ni 3 Si 5 and PuGa 3 . A source of error arises if the data above, say, T =  D /10, where  D is the Debye temperature derived from . By fitting C/T data from samples that do not order magnetically with similar  D , such as YbAgCu 4 , we find that fits to near 20 K are about 10% high compared to fits to the low-temperature data. For all such fits reported here, we attached an error of 100 mJ mol -1 K -2 as a conservative estimate. Note that all data reported here are not, where possible, corrected for the lattice contribution via subtraction using a nonmagnetic analogue, since much of the literature data would not be directly comparable.
Other Supporting Text and Figures
Representative U L 3 XANES data are shown in Fig. S2 . RXES and XES data for -Pu are shown in Fig. S3 . These data are very similar to the data from -Pu (Fig. 2 ). Data on UCoGa 5 are shown in Fig. S4 , and data from PuSb 2 are shown in Fig. S5 . These latter data have some different properties, as discussed forthwith.
The data from PuSb 2 (Fig. S5) shows a single discrete excitation at energies below the fluorescence threshold. In contrast to data from the other measured materials, the energy position of this peak does not stay roughly constant with E I (Fig. S5d ), but instead shifts from about 3778 eV to 3782 eV while the peak has significant weight in the spectrum (Fig. S5c ). Over this energy range, the peak width does not change, and is, in fact, quite narrow as mentioned above, with  S = 4.7 eV. The lack of change and overall sharpness of this peak does not allow for an interpretation with a significant multiconfigurational state; however, due to the large energy shift, we cannot uniquely assign the f-occupancy of this single configuration. The shift of the single-state E T requires further study, but is likely due to a larger bandwidth in the unoccupied d-states below the fluorescence threshold than in the other measured samples.
Example of Potential Absolute Errors and Lineshapes
The procedure used for fitting the data discussed in this work involves fitting skewed Lorentzians to the features in the XES data, as discussed in the main work. The absolute quoted estimated error of 10% was estimated by using different, generally less satisfactory lineshapes. Here we give an example of one particular method that eventually may lead to better lineshapes. In this example, we choose a single-configurational density of unoccupied electronic states (DOS) and then fit this simulated data using the methods used in the paper to fit the data.
The chosen DOS is shown in Fig. S6a , and is comprised essentially of a step function added to a Lorentzian. This DOS is then used to generate the PFY in Fig. S6b and a full RXES spectrum, as shown in Fig. S6c , by making use of the KH formula and following Eq. 19 in Rueff and Shukla's review article (21): Fig. S6 . c, Amplitudes for each fitted peak as a function of E I . Integrated amplitudes indicate P2 makes up 91% of the amplitude of P2+P3. Table S1 . Data used to generate Fig. 1 , together with the literature source for the specific heat results. All values of  are obtained above any noted transitions. The ground state of each sample is also noted: sc=superconductor, pm=paramagnet, afm=antiferromagnet, sf=spin fluctuation, sg=spin glass, and qo=quadrupolar order. Specific heat data are per mol An. L 3 peak position errors are less than 0.1 eV, and are calibrated to the first inflection point of the dioxide at 17166.0 eV for UO 2 This document was prepared as an account of work sponsored by the United States Government. While this document is believed to contain correct information, neither the United States Government nor any agency thereof, nor the Regents of the University of California, nor any of their employees, makes any warranty, express or implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof, or the Regents of the University of California. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof or the Regents of the University of California. 
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